Using the flexible valence states of transition-metal-oxides (TMOs), the optical, electronic, and magnetic properties can be simultaneously controlled by electrochemical oxidation and reduction. Herein we review our recent works on the electrochemically switchable functional thin-film device, which has a three-terminal thin-film-transistor (TFT) structure with the TMO as an active channel layer and the liquid-leakage-free electrolyte as a gate insulator. Thin films of vanadium dioxide, tungsten trioxide, and strontium cobaltite were selected as the channel layer. By applying the gate voltage at room temperature in air, the protonation/ deprotonation or oxidation/deoxidation occurs in the TMO channels and their opto-electronic and electro-magnetic properties are reversibly switched by using the mobile ions in the solid TFT structure. The present device with liquid-leakage-free electrolyte provides a novel design concept for the development of future multifunctional switching devices based on TMOs.
Introduction
Transition metal oxides (TMOs) have received a great attention as an active material for future functional devices because of their many switchable physical properties, such as electrical conductivity, optical absorption, magnetism, and superconductivity.
1)3)
The rich variety of the functional properties in TMOs originates from the flexible valence states of TM ions. 4) Depending on the number of d-electrons in the TM ions, the electronic structure of TMOs dramatically changes and the consequent giant physical responses are attractive for the development of novel switching devices.
One of the effective ways to control their functions is the use of electrostatic field effect. By using the thin film transistor (TFT) structure, the carrier concentration at the TMO channel surface can be controlled by applying the external gate voltage. An electric field generally up to ³10 MV cm ¹1 can be applied to active channel through gate dielectrics, 5) such as amorphous (a-) SiO 2 (dielectric constant, k = 3.9), a-Al 2 O 3 (k = 9.0), a-Y 2 O 3 (k = 15.0) and a-HfO 2 (k = 25.0). 6) However, the modulation range of sheet carrier concentration is limited to ³10 13 cm ¹2 due to their low breakdown field of such dielectric oxides and cannot exceed the critical value of ³10 14 cm ¹2 , where the TMOs exhibit dramatic changes in the optical, electronic, and magnetic properties through phase transitions. 7) In order to overcome this limitation, electric double layer transistor (EDLT) configuration has been employed, where the electrolyte solution is used as a gate dielectric. The large capacitance of polarized ions in a liquid electrolyte or ionic liquid can be used to accumulate high-density sheet carrier concentration up to ³10
15 cm ¹2 and the EDLT has been proved to be a powerful approach to modulate the electronic states in a very wide range. 8) 11) However, the electrostatic approach using EDLT can not be applied for the practical applications without sealing and the modulatable thickness is limited in the screening length.
Another approach to control the functions of TMOs is the modification of their non-stoichiometry, i.e. the control of oxygen excess or deficiency and protonation, because the valence states of TM ions in TMOs are quite variably dependent on the oxygenanion off-stoichiometry and their coordination conditions. 12), 13) For example, tungsten trioxide (WO 3 ), known as an electrochromic material, is a transparent insulator, but it becomes a blue colored metal by the protonation (H x WO 3 ). 14) Oxygen-deficient strontium cobaltite (SrCoO 2.5 ) with Brownmillerite structure is known as insulating non-magnet, but it is changed into SrCoO 3 with Perovskite structure, which is a ferromagnetic metal, by the oxidation. 15) Thus, the chemical modification of TMOs is the most reasonable way to demonstrate the functional switching devices, but the control of oxygen off-stoichiometry or protonation of TMOs is not typically utilized for solid-state devices because of imperative high-temperature heat treatment under an oxidative/reductive atmosphere. 16)20) Meanwhile, the electrochemical redox reaction by the electrolysis in liquid electrolyte has been a facile method to achieve the chemical modification at room temperature (RT), 21) but such a device has not been realized because of the lack of a liquid-leakage-free electrolyte.
In 2010, H. Ohta et al. discovered a water-infiltrated nanoporous 12CaO·7Al 2 O 3 glass (Calcium Aluminate with Nanopores, CAN) as the liquid-leakage-free water.
22) The 12CaO· 7Al 2 O 3 is a hygroscopic material and water vapor in air is automatically absorbed into the CAN film, cooperatively due to the capillary effect of the interconnected nanopores. "Liquid-leakagefree water" means the liquid water confined in the nano-space of the porous insulator film and no leakage of the liquid water occurs because of the large surface tension of the electrolyte and nanopores. The CAN-gated TFT structure was fabricated on a SrTiO 3 single crystal, where the gate voltage (V g ) application induces water electrolysis in the CAN gate insulator and the produced H + (H 3 O + ) and hydroxyl (OH ¹ ) ion can be used to strongly accumulate and deplete electrons at the SrTiO 3 channel surface. By applying the V g at RT in air, the 2 dimensional electron gas layer with the sheet carrier electrons up to ³10 15 cm
¹2
can be formed at the surface of SrTiO 3 single crystal and exhibits an unusually large thermopower, which is five times larger than that of the SrTiO 3 bulk. 23) Thus, the CAN-gated TFT demonstrated a new approach to largely control the electronic states of TMOs by using the leakage-free water.
Meanwhile, the TFT structure with liquid-leakage-free electrolyte is considered as a kind of pseudo-solid-state electrochemical cell, where the ionized H + and OH ¹ ion can be used to control the non-stoichiometry of the TMO channel. Figure 1 shows the schematic images of device structure and the possible operation mechanism for the electrochemically switchable device with three-terminal TFT structure using liquid-leakage-free electrolyte as the gate insulator. The device is composed of an active channel layer, a liquid-leakage-free electrolyte, a counter layer, and sourcedrain-gate electrodes [ Fig. 1(a) ]. The nano-gap parallel plate structure with an active layer and a counter layer should enable the reversible protonation/deprotonation or oxidation/ deoxidation of TMO layer in a high-electric field at RT. By applying positive V g , H + is attracted to channel surface, which can act to protonate the TMO layer [ Fig. 1(b) ]. While, the negative V g application induces the reverse reaction for the deprotonation of TMO layer. On the other hand, by applying negative V g , OH ¹ ion is attracted to channel surface, which can act to oxidize the TMO layer [ Fig. 1(c) ]. While, the positive V g application induces the reverse reaction for the deoxidation of TMO layer. For both cases, the counter layer works as H + or OH ¹ absorber, which maintains a better electrochemical balance and should improve the reversibility and reproducibility of device operation by suppressing the gas generation. Therefore, the optical, electronic, magnetic properties of TMO layer can be reversibly controlled by the alternative application of external V g . In this paper, we review the electrochemically switchable functional thin-film devices based on TMOs of vanadium dioxide (VO 2 ), WO 3 , and SrCoO x , realized by using the liquid-leakagefree electrolyte. (1) An infrared-transmittance tunable metal insulator conversion device was demonstrated by using the leakage-free water for the on-demand protonation/deprotonation of VO 2 film at RT. 24 ),25) (2) A transparent electrochromic metal insulator switching device, that can simultaneously switch from colorless transparent/insulator state to a dark blue/metallic state by electrochemical protonation/deprotonation of a-WO 3 film at RT, was demonstrated by using the leakage-free water.
26) (3) An electro-magnetic phase switching device, that can reversibly switch SrCoO x from an insulator/non-magnet (SrCoO 2.5 ) to a metal/magnet (SrCoO 3 ), was demonstrated by using a newly developed 'leakage-free alkaline electrolyte', incorporated in an a-NaTaO 3 nanopillar array film.
27)
2. Infrared-transmittance tunable metal-insulator conversion device 24) , 25) VO 2 is a thermochromic material, which exhibits a metal insulator (MI) transition at the temperature (T MI ) of 68°C.
28) The MI transition accompanies the structural and electronic structure changes. The high-temperature phase (T > T MI ) has a tetragonal (rutile-type) structure, while the low-temperature phase (T < T MI ) has a monoclinic structure due to the formation of V-ion dimer. 29) This structural transformation causes the electronic-structure reconstruction to open up a charge gap of ³0.6 eV, where the electrical conductivity abruptly changes in the order of 10 5 and optical transmittance dramatically changes only at infrared (IR) region while keeping the visible transparency. Thus, VO 2 has a potential to demonstrate IR-transmittance tunable MI conversion device, which is expected as an advanced smart window: e.g. the device can selectively regulate thermal radiation from sunlight, and function as ON/OFF power switch to control the in-house temperature, which thus greatly reduces energy consumption including light expenses and cooling/heating loads. Protonation of VO 2 (H x VO 2 ) is a powerful approach to control the electronic state from an insulator to a metal; the H + acts as a shallow donor and changes the valence state of V ion from V 4+ to V 3+ , resulting in the reduction of T MI below RT. 30) However, the protonation of VO 2 required a high-temperature heating process, 31) 33) which has restricted the device application. The liquid electrochemistry is the most appropriate route for the RT protonation, but the uptake amount of H + into VO 2 was too small to modulate the MI transition (maximum x in H x VO 2 was 0.08) 31) and the liquid electrolyte likely causes a leakage problem that limits the application in practical use. Thus, the RT-protonation driven on-demand MI conversion of VO 2 by the solid-state device has been technologically important for a step toward practical application.
We first applied the TFT structure with liquid-leakage-free water to VO 2 epitaxial film in order to investigate the RTprotonation-driven MI conversion. Figure 2 (a) shows the schematic TFT structure, composed of an active VO 2 layer, a CAN gate insulator, and sourcedrain-gate electrodes. The TFT structure (channel size: 800¯m in length and 400¯m in width) was fabricated on A-plane sapphire substrate by using stencil masks. A 20-nm-thick VO 2 epitaxial film was deposited at 500°C under ¹ ion moves to the channel surface for the oxidation of TMO layer. While, by applying +V g , the reverse reaction occurs for the deoxidation of TMO layer.
oxygen pressure (P O2 ) of 2.0 Pa by pulsed laser deposition (PLD). A 200-nm thick CAN film was deposited at RT under P O2 of 5 Pa to realize a nanoporous structure. 22) The relative density of the CAN film was 71% with respect to 2.92 g cm ¹3 of a dense a-12CaO·7Al 2 O 3 film. Metallic Ti films were used for source drain-gate electrodes. Figure 2 (b) shows a transmission electron microscopy (TEM) image for the cross-section of the device, which clearly shows the multi-layer structure of Ti (50 nm)/CAN (200 nm)/VO 2 (20 nm) on sapphire substrate. Lighter spots with diameters of 1020 nm indicates the high-density nanopores incorporated in the CAN film.
Figures 3(a) and 3(b) plot the V g dependence of sheet resistance (R s ) and thermopower (S) at RT for the VO 2 -TFT, respectively. The dependence was measured immediately after the bias application for 10 min at each V g from +5 to +35 V. It should be noted that S-values can be used to easily evaluate the MI conversion because they basically reflect the energy differential of density of state (DOS) at Fermi energy and are sensitive to significant changes in the electronic structure of VO 2 at T MI .
34),35)
A double-digit decrease in R s from 68 k³ sq.
¹1 at the virgin state to 0.5 k³ sq.
¹1 at +35 V was observed and «S«-value drastically decreased form 200¯V K ¹1 of insulating parent VO 2 phase 34) to 43¯V K
¹1
, which is close to that of metallic H x VO 2 bulk (³35¯V
33) This result implies that the H + doping into insulating VO 2 provides electrons to the conduction band, and the gradient of DOS becomes moderate, resulting in the consequent reduction of «S«-values, and the electronic structure finally transforms to that of metallic H x VO 2 . Therefore, the decrease in R s and «S«-values reflect a change in the electronic state from an insulator to a metal. The inset of Fig. 3(a) summarizes the V g dependence of I g during the bias application at each V g . The I g increased with respect to V g from +5 to +35 V. The similar correlation between I g and R s suggests that the I g flowing in the device originates from the ion current of water-electrolysis in the CAN film and electrochemical protonation of VO 2 layer. It should be noted that the metallic H x VO 2 film is stable under ambient condition at RT, confirming the non-volatility due to the chemical reaction.
The MI transition of VO 2 is strongly coupled with crystalstructure change from an insulating monoclinic phase to a metallic tetragonal phase, which is accompanied by the disappearance of V-ion dimer. 29) To validate the crystal structure change of metallic H x VO 2 film, the structural analysis was performed by electron diffraction (ED) with TEM at RT. The initial ED pattern is consistent with the monoclinic structure, where the diffraction spots of superstructures, indicated by arrows, originate from the formation of V-ion dimer. Following the protonation, the diffraction spots due to the superstructures disappear, demonstrating a transformation from the monoclinic to the tetragonal phase. This result clearly indicates that crystal structure was changed by RT protonation of VO 2 , which provides evidence of MI conversion.
The reversible protonation/deprotonation of VO 2 -TFT was examined by alternately applying positive and negative V g . Figure 3 (d) presents the R s at the OFF state versus number of gate pulses of +20 and ¹20 V at RT, where each pulse duration was 1 min. Upon the application of V g , reversible switching of R s was realized. These results demonstrate the RT-protonationdriven on-demand MI conversion of VO 2 film by using the leakage-free water.
We then demonstrate an IR-transmittance tunable MIconversion device by extending the TFT structure to a largearea VO 2 film prepared on a glass substrate [ Fig. 4(a) ]. The device structure with the 2.0-mm-square VO 2 channel was fabricated on an alkaline-free glass substrate (Corning μ EAGLE XG μ ). In order to fabricate the transparent device structure, which is essential to realize IR-transmittance modulation, all the films in the device were selected from the wide-gap oxide materials. A nickel oxide/indium tin oxide (NiO/ITO) bilayer film was used as the transparent counter/top gate electrode and F-doped SnO 2 film (SnO 2 :F) was used as the source and drain electrodes. A positive V g application between the gate and source electrodes induces electrochemical reactions such as protonation of the cathodic VO 2 layer (VO 2 + xH + + xe ¹ ¼ H x VO 2 ) and hydroxylation of the anodic NiO layer (NiO
36)
The conversion of electrical conductivity and IR transmittance was investigated at RT in ambient atmosphere (relative humidity value was ³30% at 25°C). Figures 4(b) and 4(c) summarize the opto-electronic properties of the VO 2 -TFT on a glass substrate. The temperature dependence of R s [ Fig. 4(b) ] was measured before and after applying V g of +12 V (protonation) and ¹30 V (deprotonation) for 10 s alternately at RT. The inset plots the temperature derivative curves of d(log R s )/dT to clearly visualize the T MI . At the initial state, the MI transition was observed at T MI = 70°C, which is defined as the peak position in d(log R s )/ dT versus T, while it disappeared by applying V g = +12 V, indicating that the VO 2 channel changes from an insulator to a metal at RT. The R s T curves were reversibly modulated and recovered to initial state by applying V g = ¹30 V, where the double-digit modulation of R s was observed at RT. Then the optical transmission spectra [ Fig. 4(c) ] were measured. The initial device is transparent except for the weak absorption due to the transitions between the V 3d bands with crystal-field splitting at the wavelength () > 500 nm and also due to the thin-film interference. By applying +12 V, it shows an abrupt transmittance decrease in the IR region, where the transmittance modulation ratio (¦T) at = 3000 nm was 49%, while almost no change is seen in the VIS region. These results indicate that the modulation from IR transparent insulator to IR opaque metal was demonstrated by RT protonation/deprotonation of VO 2 layer at RT.
The present IR-transmittance tunable MI conversion device has several advantages. The device can be fabricated on a glass substrate, which is suitable for the application to glass window; the device fully transmits IR in the OFF state, whereas it does not transmit in the ON state. Meanwhile, the device can function as ON/OFF power switch for electronic device to control the inhouse temperature. Moreover, the device can be operated by RTprotonation without sealing thanks to the leakage-free water; the all-solid-state structure can resolve the liquid-leakage problem, which is a beneficial point compared to the liquid-electrolyte gated devices.
37) The present result provides a potential gateway to the commercialization and ease of large-scale production; thus the present device will find the practical application for future energy saving technologies such as advanced smart windows.
Electrochromic metal-insulator
switching device 26) WO 3 , a representative electrochromic (EC) material, is a widebandgap transparent insulator with E g of 2.63.0 eV. 38) Since the WO 3 has the defective perovskite structure with space group P2 1 /n, in which A site in the ABO 3 lattices is vacant, 39) H + can be incorporated into the vacant site, i.e. the formation of tungsten bronze. In that case, it becomes an electrical conductor and opaque to visible light following the valence-state change of W ion from W 6+ to W 5+ . 40) Thus, protonation/deprotonation of WO 3 is a promising candidate for the realization of simultaneous switching between colorless/colored and insulating/conducting states in a non-volatile manner, which would be ideal for use in advanced display device: e.g. such EC-MI switching device can simultaneously switch the visible-color information and electrical information, which will lead to a novel information storage/ display device.
Until now, various types of WO 3 -based EC devices have been actively developed in the areas of energy-saving smart windows. 41 ),42) However, simultaneous MI switching has not been utilized with EC switching because of their two-terminal, parallelplate electrode configuration. Although electrostatic charge modulation using three-terminal TFTs on WO 3 films would be preferable for the simultaneous EC-MI switching, it is difficult to fully switch their coloring state due to the limited carrier-doping range and modulation thickness. There are some reports on WO 3 -TFTs using liquid electrolyte gating technique and the demonstration of EC-MI switching. 43 ),44) However, since these TFTs require liquid electrolytes, they can not be applied for the practical applications without sealing.
We applyed the TFT-structure with leakage-free water as the gate insulator in order to demonstrate the EC-MI switching device with all solid-state structure. In addition, to show the potential for the practical use, the device was fabricated by RT process on a glass substrate (Corning μ EAGLE XG μ ). Figure 5 (a) illustrates the TFT structure. All the films were prepared by PLD. The a-WO 3 film was used as the active channel layer, because EC switching of a-WO 3 film prepared on glass substrate at RT has been previously reported. 45) The gate insulator consisits of a CAN film as a leakage-free water. A NiO/ITO bilayer film was used as the gate transparent electrode, and ITO thin films were used as the transparent source and drain electrodes. Figures 5(b) and 5(c) show a bright-field scanning TEM (BF-STEM) image and energy dispersive spectroscopy (EDS) mapping of the cross-section of the device, which clearly visualizes the multi-layer structure composed of ITO (20 nm)/NiO (20 nm)/CAN (300 nm)/a-WO 3 (80 nm) on a glass substrate.
We fist evaluated the MI switching of the device by measuring R s T curves after applying and subsequently switching the V g off (each V g = +3, +5, and +10 V was applied for 20 s). The relative humidity value, at which the device operation was tested, was ³30% at 25°C. All the R s T curves showed semiconducting behavior [ Fig. 6(a)] ; the exponential increase of R s was observed with respect to temperature, which is consistent with the reports that electrical conductivity in a-WO 3 , 46) a-H x WO 3 , 47) and a-Na x WO 3 films, 48) follows the variable range hopping model between localized electronic states. The inset shows the activation energy (E a ), estimated from ln (1/R s ) vs. 1000/T relation at 300200 K range. The E a largely decreased from 1.3 © 10 ¹1 to 4.3 © 10 ¹3 eV, and the R s T curve at +10 V showed almost no temperature dependence. Considering that the minimum E a of electrochemically prepared a-H x WO 3 film (x = 0.32) was reported to be 5.0 © 10 ¹2 eV, 47) the doping concentration of H + is much higher in the present a-H x WO 3 layer. Figure 6(b) shows the repetitive R s switching of a-WO 3 layer at RT by applying V g of «3, «5, and «10 V, where the V g application time was 20 s for protonation (+V g ) and 10 s for deprotonation (¹V g ). The clear cyclability of R s switching was observed for each V g , and the R s modulation ratio largely depended on the applied V g ; the ON/OFF ratio was ³10 3 for «3 V, ³10 4 for «5 V, and ³10 6 for «10 V, respectively. The reversible and reproducible R s switching with large ON/OFF ratio was realized within a second time scale.
We then evaluated the EC switching of the device. Figure 6 (c) shows the optical transmission spectra of the device in the initial state (gray line) and protonated states at +3 V (blue line), +5 V (green line), and +10 V (red line). The transmission (T) of the device was largely changed by the applied +V g . The initial device is mostly transparent in the visible light region. After the protonation, T at = 700 nm was reduced to 24% of the initial state. Inset shows the device picture at the initial and protonated states (+10 V); the color clearly changes from colorlesstransparent to dark-blue. The EC-MI switching was simultaneously realized in the device.
The present EC-MI switching device can be reversibly switched from a colorless-transparent-insulator to a colored-metallicconductor within a short time ³10 s; the device has a potential to operate as a display device by changing visible color as well as an electronic memory device. In addition, the device can be prepared by RT process on a glass substrate, and the miniaturization of solid state TFT should be possible, leading to the highdensity memory device mounted on glass substrate. Thus the present device is expected to be a novel information display/ storage device on a glass window.
4. Electro-magnetic phase switching device 27) SrCoO x (SCO x ) is classically known to show different electromagnetic properties depending on the oxygen composition (x), which can be varied in the range of 2.53.0, with keeping the crystallographic lattice structure. 15 ), 49) The most stable phase of SCO 2.5 possesses an oxygen-vacancy ordered brownmillerite (BM-) structure. The fully-oxidized SCO 3 phase, which can be synthesized under high oxygen-pressure and high temperature conditions, has simple perovskite (P-) structure. The parent SCO 2.5 is an antiferromagnetic (AFM) insulator with trivalent Co 3+ , whereas the counterpart SCO 3 is a ferromagnetic (FM) metal with tetravalent Co 4+ . Thus, SCO x has a potential to demonstrate an electro-magnetic phase switching device, whose electrical conductance (insulator/metal) and magnetism (nonmagnet/magnet) can be switched simultaneously. Such device is expected to be indispensable building blocks for future multiplex writing/reading of electric/magnetic signals.
However, the control of x in SCO x generally requires a heat treatment under oxidative/reductive atmosphere, 50) which is not preferable for devices operating at RT. The other is the use of an electrochemical redox reaction in a liquid electrolyte containing an alkali hydroxide as a salt at RT. 51)54) Although it would be reasonable for RT applications, the device cannot be used without sealing due to the leakage of the liquid alkaline electrolyte. Thus, a liquid-leakage-free alkaline electrolyte is essential to realize such electro-magnetic phase switching device.
We first developed a liquid-leakage-free alkaline electrolyte of a-NaTaO 3 film with nano-sized pillar-array structure. We focused on NaTaO 3 , which is an electrical insulator with band gap of 4.0 eV and a promising photocatalyst for the H 2 gas generation from water, 55) as the Na ion dissolved alkaline electrolyte. We finally found that the a-NaTaO 3 film, deposited by PLD under high P O2 of 11 Pa at RT, works as an excellent liquid-leakage-free alkaline electrolyte. The a-NaTaO 3 film is a nanoporous glassy oxide with a nanopillar (1020 nm in diameter) array structure [ Fig. 7(a) ]. The film density is 3.3 g cm
¹3
, which is ³47% of fully dense a-NaTaO 3 film (7.0 g cm ¹3 ) deposited under low P O2 (<5 Pa), indicating that the film has a large amount of space to absorb water vapor from the air. The Cole-Cole plot measured at RT in air (amplitude = «10 mV) of the a-NaTaO 3 nanopillar array film is shown in Fig. 7(b) . A semicircle is clearly seen in the highfrequency region due to mobile charge. The conductivity was calculated to be 2.5¯S cm ¹1 , which is three orders of magnitude larger than 5 nS cm ¹1 of the dense a-NaTaO 3 film and two orders of magnitude larger than 55 nS cm ¹1 of ultra-pure water. 56) Water vapor in the air is incorporated into the a-NaTaO 3 nanopillar array film, and then, a small amount of Na + ions from the a-NaTaO 3 nanopillars is dissolved into the adsorbed water; finally, the nanopores are filled with aqueous NaOH solution, which serves as a leakage-free alkaline electrolyte.
We then fabricated the TFT structure composed of a 20-nmthick SCO 2.5 epitaxial film as the active channel layer, a 200-nmthick a-NaTaO 3 nanopillar array film as the gate insulator, and 20-nm-thick a-WO 3 counter layer as the H + absorber/metal bilayer as the gate electrode [ Fig. 8(a) ]. This layer structure was confirmed by TEM image [ Fig. 8(b) ]. The channel length and channel width were 800 and 400¯m, respectively. The device switching was tested at RT in air without sealing.
Figures 9(a) and 9(b) summarize the electro-magnetic properties of SCO x -TFT. First, a negative V g of ¹3 V was applied for 3 s. The SCO 2.5 layer was brown in the virgin state but turned grey after the V g application [Inset of Fig. 9(a) ]. In the virgin state, the SCO 2.5 layer showed insulating behaviour [ Fig. 9(a), A] . In addition, the magnetic moment (m) was negligibly small, with no magnetic transition in the measured temperature range [ Fig. 9(b) , A], indicating the AFM nature of SCO 2.5 . 15) Upon applying a V g of ¹3 V, R s decreased by more than three orders of magnitude at RT, and the SCO x layer showed metallic-temperature dependence [ Fig. 9(a), B] . Furthermore, FM transition was observed at a Curie temperature of 275 K [ Fig. 9(b) , B], originating from the fully oxidized SCO 3 phase. 57) The saturation magnetization at 10 K [inset of Fig. 9(b) ] was 2.0¯B/Co, which is almost the same as that of bulk SCO 3 (³2.1¯B/Co). 51) On the other hand, upon the application of V g = +3 V for 3 s, the R s -and m-values recovered to the virgin state [Figs. 9(a) and 9(b), C]. We further tested the cyclability of the electro-magnetic phase switching [ Fig. 9(c) ]. Upon the application of «3 V for 23 s at RT in air, reversible switching of R s (ON/OFF ratio ³10 3 ) was realized. Crystal structure evolution during the device operation can be seen in the X-ray reciprocal space mapping of SCO x layer at the state of A and B [ Fig. 9(d) ]. By applying V g = ¹3 V, the diffraction spot of BM-SCO 2.5 changes to that of P-SCO 3 , where the c-axis lattice constant of the perovskite unit cell steeply decreased from 0.393 to 0.379 nm, maintaining the coherent epitaxial relationship with the SrTiO 3 substrate. This result confirms that the entire region in the SCO x layer was reversibly switched from AFM insulator (BM-SCO 2.5 ) to FM metal (P-SCO 3 ), with- out destruction of the perovskite structure. 50) The resultant RT-operable electro-magnetic phase switching device showed excellent characteristics: reversible AFMinsulator/FM-metal switching of the SCO x layer occurred electrically under a small DC voltage («3 V) within a very short time (23 s) at RT in air, i.e. the device is operable with two alkaline batteries (3 V) within the second time scale. The device can simultaneously switch electrical conductance and magnetism; such devices are expected to a new route for the high capacity information storage device, which memorizes both information 'A' (magnet) and 'B' (non-magnet) together with information '1' (conducting) and '0' (insulating).
Summary
We review the electrochemically switchable functional thinfilm devices based on TMOs of VO 2 , WO 3 , and SCO x , realized by using our liquid-leakage-free electrolytes. (1) An IRtransmittance tunable MI conversion device was demonstrated by using the leakage-free water for the on-demand protonation/ deprotonation of VO 2 film at RT. 24),25) (2) A transparent EC-MI switching device, that can simultaneously switch from colorless transparent/insulator state to a dark blue/metallic state by electrochemical protonation/deprotonation of a-WO 3 film at RT, was demonstrated by using the leakage-free water. 26) (3) An electromagnetic phase switching device, that can reversibly switch an insulator/non-magnet to a metal/magnet, was demonstrated by using a newly developed 'leakage-free alkaline electrolyte', incorporated in an a-NaTaO 3 nanopillar array film.
27)
The present device involving TMOs using liquid-leakage-free electrolytes has several merits as compared to classically known methods. Primarily, the device can be operated at RT, although high-temperature heating is required when utilizing simple H + or O 2¹ diffusion in the TMOs under reductive/oxidative atmosphere. Further, the present device can be used for practical applications without sealing, as opposed to the known electrochemical devices such as alkaline batteries and electrolytic capacitors, which have the liquid leakage problem. This is an important advantage against recently developed EDLTs, which cannot be used without sealing as well. Furthermore, our liquidleakage-free electrolytes, such as CAN film and a-NaTaO 3 film, are chemically stable rigid glassy solid, showing good reliability. These clearly indicate that the present approach utilizing the liquid-leakage-free electrolyte is epoch-making, providing a novel concept for the design of multifunctional switching devices. Since the present device electrochemically operates in a cycled process between a cathodic layer and an anodic layer, the water in the leakage-free electrolyte should not be lost during the device operation and the leakage-free electrolyte does not degrade after many cycles because of the no gas generation. However, it is considered that the humidity in air mainly affect the device operation. It is necessary to examine the device characteristics, cycled operations, and their stabilities for the devices kept under the controlled several conditions, which will be tested in the near future. In addition, the present devices simultaneously switch the two functions of optical, electronic, and magnetic properties. So, there is a limitation for their applications, as summarized in the manuscript. However, we consider that the present device has an ability of multilevel control of their properties by electrochemical modification of chemical composition, which will increase the information writing and reading approach and realize the high-capacity and multi-functional memory devices, compared to the simple semiconductor devices. If the materials, which have different threshold conditions for MI transition, chromic transition, and magnetic transition, are used for the channel layer, the further functionality is expected in the present type of device. 
